Speciation with gene flow is an alternative to the nascence of new taxa in strict 36 allopatric separation. Indeed, many taxa have parapatric distributions at present. It is often unclear if these are secondary contacts, e.g. caused by past glaciation cycles or 38 the manifestation of speciation with gene flow, which hampers our understanding of how different forces drive diversification. Here we studied genetic, phenotypic and 40 ecological aspects of divergence in a pair of incipient species, the Kentish (Charadrius alexandrinus) and the white-faced Plovers (C. dealbatus), shorebirds with parapatric 42 breeding ranges along the Chinese coast. We assessed divergence based on molecular markers with different modes of inheritance and quantified phenotypic and 44 ecological divergence in aspects of morphometric, dietary and climatic niches. These analyses revealed small to moderate levels of genetic and phenotypic distinctiveness 46 with symmetric gene flow across the contact area at the Chinese coast. The two species diverged approximately half a million years ago in dynamical isolation and 48 secondary contact due to cycling sea level changes between the Eastern and Southern China Sea in the mid-late Pleistocene. We found evidence of character 50 displacement and ecological niche differentiation between the two species, invoking the role of selection in facilitating divergence despite gene flow. These findings imply 52 that the ecology can indeed counter gene flow through divergent selection and thus contribute to incipient speciation in these plovers. Furthermore, our study highlights 54 the importance of using integrative datasets to reveal the evolutionary history and underlying mechanisms of speciation. 56 3 KEY WORDS: allopatric speciation, character displacement, gene flow, hybridization, stable isotope analysis, ecological niche 58 1 0 and Taiwan. Second, we also calculated pairwise Φ ST and F ST between breeding sites 236 for mtDNA and mst, respectively, and we derived significance levels using 10,000 permutations in Arlequin. 238 For microsatellite genotypes only, we carried out assignment analyses with two 240 model-based Bayesian approaches. First, we performed a Bayesian clustering analysis using the admixture model with correlated allele frequencies implemented in 242 STRUCTURE 2.3.4 (Hubisz et al. 2009; Pritchard et al. 2000). Ten independent analyses were run from K=1 to K=8 for 500,000 Markov chain Monte Carlo (MCMC) 244 generations with 100,000 burn-in. Replicate runs were combined using STRUCTURE Harvester 0.6.94 (Earl 2012) and CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007). The 1 5 Consequently, the aforementioned nine loci were removed from the dataset, making 388 genotypes at 13 loci of 402 (271 C. alexandrinus and 131 C. dealbatus) individuals for the final microsatellite dataset for further analysis.
INTRODUCTION
Understanding how strongly the evolutionary processes, i.e. selection, gene flow and 60 genetic drift shape the divergence of closely related species has been a long-standing interest in evolutionary biology (Coyne & Orr 2004; Feder et al. 2013; Nosil & Feder 246 most likely number of genetic clusters was also determined using Structure Harvester using the criteria described in Evanno et al. (2005) . Second, we used a Bayesian 248 clustering algorithm that takes the geographical coordinates of each sampling site into account using the R package GENELAND 4.0 (Guillot et al. 2005) . 1,000,000 MCMC 250 iterations were run with thinning set to 100 from 1 to 10 populations, with maximum rate of Poisson process set to 100, uncertainty of spatial coordinates set to 0, 252 maximum number of nuclei in the Poisson-Voronoi tessellation to 300, and independent Dirichlet distribution model for allele frequencies. With the same package, 254 the most likely number of clusters was determined based on their posterior density. To confirm the consistency of the results, we repeated the MCMC simulation 10 times.
256
Furthermore, to determine the probability that an individual was a hybrid or a migrant, 258 we estimated the posterior probability of each individual based on multilocus genotypes. First we used HYBRIDLAB 1.0 (Nielsen et al. 2006) to simulate 100 260 individuals of each species, F1, F2 and back-crosses in each direction from microsatellite genotypes of 260 individuals with q-value higher than 95% in 262 STRUCTURE analysis. 100 simulated parents from each species and 100 F1 were used to calculate the threshold for individual hybrid assignment in STRUCTURE 264 following Vähä and Primmer (2006) . Finally, NewHybrid 1.1 (Anderson & Thompson 1 2002) was used to identify potential hybrid individuals. 100,000 burn-in followed by 266 400,000 sweeps were performed for both simulated and real data.
268

Demographic analysis
To infer the demographic histories of the two plover species, we applied Isolation with GenBank were used as outgroup. The substitution rate of each locus was calculated using the method in Li et al. (2010) . The ratio of net genetic distance of each locus 278 across ingroup-outgroup was calculated, compared with net distance of mitochondrial cytochrome b (cytb) and then multiplied by the substitution rate for cytb (0.0105 ± 280 0.0005 substitution/site/mya, Weir & Schluter 2008) . We used the Phi test (Bruen et al. 2006 ) for recombination within nuclear loci and no recombination was detected. We 282 implemented models in IMa2p (Sethuraman & Hey 2016) , the parallel version of IMa2 (Hey 2010) . For each analysis, we ran 48 MCMC chains for 2,500,000 steps of burn-in 284 followed by 500,000 genealogies saved, each recorded after 100 steps. Because IM analysis only provides estimates of average gene flow since the divergence of the two 286 species, we used a Bayesian analysis in BayesAss 3.0.4 (Stephens & Donnelly 2003) based on microsatellite genotypes to characterize the level of gene flow within recent 288 generations. We performed 10,000,000 iterations and 1,000,000 burn-in.
290
Ecological niche modeling and niche overlaps
To infer potential past range shifts induced by climatic changes, we carried out 292 ecological niche modeling (ENM) using Maxent 3.3.3k (Phillips et al. 2009 ). The occurrence records of the two species of plovers were obtained from online databases 294 of the Global Biodiversity Information Facility (GBIF, http://www.gbif.org/), China Bird Report (http://www.birdreport.cn) and our records during the sampling expeditions.
296
Further, eight bioclimatic variables (i.e., the mean diurnal range, isothermality, minimum temperature of the coldest month, mean temperature of the warmest quarter, 298 annual precipitation, precipitation of the driest month and precipitation seasonality) were obtained from the WorldClim database v. 1.4 (Hijmans et al. 2005) .
300
To explore niche similarity between the two species, we performed an ordination null 302 test of PCA-env in environmental (E)-space (Broennimann et al. 2012; Hu et al. 2016 ).
The PCA-env calculates the occurrence density and environmental factor density 304 along environmental (principal component) axes for each cell using a kernel smoothing method and then uses the density of both occurrences and environmental variables to 306 measure niche overlap along these axes (Broennimann et al. 2012 ). An unbiased estimate of Schoener's D metric was calculated for our data using smoothed densities 308 from a kernel density function to measure niche overlap between the two species that is ensured to be independent of the resolution of the grid. Statistical confidence in 310 niche overlap values was then tested through a one-sided niche-similarity test (Broennimann et al. 2012) . All statistical analyses were performed in R 3.0.2 (R 312 Development Core Team 2013) using scripts available in Broennimann et al. (2012) .
Details of ENM construction and niche-similarity tests are available in Appendix S1.
314
Dietary niche differentiation inferred by stable-isotope analysis 316
Because stable isotopic compositions of consumer tissues can be used to estimate the relative contribution of assimilated dietary sources (DeNiro & Epstein 1978) , 318 stable-carbon(C) and nitrogen(N) isotope analysis is widely used as a tool to study avian dietary patterns (Hobson & Clark 1992; Pagani-Núñez et al. 2017) . Carbon 320 isotope ratios differ between C3, C4 and CAM plants due to differences in the photosynthetic pathways, and these differences are incorporated into an animal when 322 the plants are consumed and so can be used to infer information about dietary niches (Hobson & Clark 1992 
334
RESULTS
336
Morphological differentiation
The two plover species showed subtle but significant differences for most 338 morphological traits (ANCOVA; p < 0.001, Figure 1 ) even though there was considerable overlap in morphology between the species at the level of the individual 340 ( Figure 1f ). On average, C. dealbatus had a longer bill (17.91 ± 0.94 mm vs. 16.69 ± 1.06 mm in C. alexandrinus, p < 0.001, Figure 1b ), longer wings (118.58 ± 2.90 mm vs.
342
115.59 ± 3.02 mm in C. alexandrinus, p < 0.001, Figure 1c ), and larger body mass (48.99 ± 3.26 g vs. 47.56 ± 3.73 g in C. alexandrinus, p = 0.001, Figure 1d , Table S5) 344 than those of C. alexandrinus. There was no difference in tarsus length between the two species (p = 0.962). Individuals of C. alexandrinus from Taiwan Island were 346 heavier than continental populations of C. alexandrinus and C. dealbatus (both p < 0.001). Q ST between coastal populations of C. alexandrinus and C. dealbatus was 348 negatively correlated with geographic distance (R 2 =0.293, p < 0.001, Figure 1g ).
350
Genetic diversity and population structure
We sequenced 357 individuals at all three mtDNA loci (224 C. alexandrinus and 133 C. alexandrinus showed higher intraspecific genetic diversity than C. dealbatus (Table 1) .
356
Haplotype networks show that in all loci, most individuals were sorted into two major haplogroups, corresponding to the two species of plovers. One non-synonymous 358 substitution separated the two haplogroups at both ATPase6/8 and ND3 loci ( Figure   2a ). Moreover, a subset of samples containing 20 individuals of each species were 360 sequenced at 16 loci (range 440-902 bp for each locus; Table 1 and Table S1 , GenBank Accession No. xxxx-xxxx) for a total of 11,209 bp nuclear DNA sequence.
362
The haplotype networks from autosomal and Z-linked loci did not show strong patterns of lineage sorting like mtDNA. The most common haplotypes were shared by both 364 species of plover (Figure 2b and S1). Moreover, both species showed the signal of recent demographic expansion as detected by significant Tajima's D values (Table 1) .
366
Overall genetic differentiation was significant and high in mtDNA data (Φ ST = 0.506, p 368 < 0.001) and low at microsatellite loci (F ST = 0.036, p < 0.001). For nuclear sequence data, genetic differentiation between species was also significant at autosomal loci 370 (Φ ST = 0.100, p < 0.001) and particularly high at the Z-linked loci Z4 (Φ ST = 0.726, p < 0.001) and Z6 (Φ ST =0.309, p < 0.001, Table S3 ). In the AMOVA analysis, we observed 372 the largest difference between groups when the data were partitioned by species (i.e. C. alexandrinus and C. dealbatus), with this grouping explaining 49.7% of the variance 374 in mtDNA and 2.4% in the microsatellites (p < 0.001; Table 2 ). These were significantly higher than the values of genetic variation when we partitioned samples as coastal vs.
376
island populations or coastal population vs. Qinghai vs. Taiwan populations. Within C. alexandrinus, minor genetic differentiation was found between the inland population 378 (Qinghai Lake) and coastal populations (mtDNA Φ SC = 0.042, p = 0.022; mst F SC = 0.021, p < 0.001). C. alexandrinus populations on Taiwan Island also shared 380 haplotypes with other coastal populations (mtDNA Φ SC = 0.021, p =0.146); but were significantly differentiated in microsatellites (microsatellite F SC = 0.016, p < 0.001).
382
For microsatellite loci, 18 out of 22 markers were successfully genotyped. However,
384
four markers (Calex-04, 08, 19, C204) showed a large proportion of missing data, while another four loci 24, 26, 43) showed an estimated frequency of null alleles 386 over 10% and moreover one locus (Calex-35) showed H-W disequilibrium (Table S2 ).
426
on the STRUCTURE results and simulations, the optimal threshold for distinguishing hybrids from non-hybrids was q=0.836. Based on this threshold, 81.9% of the 428 individuals (204 out of 246) collected from sites at the northern Chinese coastline, Qinghai Lake and Taiwan Island were assigned to C. alexandrinus (Figure 2c-d ).
430
Individuals with intermediate q-values, which were possibly hybrids, were found at most northern Chinese sampling sites (Figure 2d ). For the southern coastline in China, 432 145 out of 156 Individuals (92.9%) belonged to C. dealbatus with a probability larger than 0.836 . Only one individual of each species was assigned to the 434 genetic cluster representing the other species with high probability (Figure 2d ).
436
The result of NewHybrids was highly concordant with STRUCTURE results and suggested migrants moving in both directions. NewHybrids consistently identified 438 three migrants mentioned above with probability higher than 99%. However, NewHybrids failed to identify simulated hybrid individuals and recognized them as 440 migrants. Thus, the result of NewHybrids was not used for hybrid identification ( Fig   S3) .
442
Niche modeling, projections and comparisons 444
Our ecological niche models effectively captured the current distribution of both C. alexandrinus and C. dealbatus (Figure 4 ) with a high discrimination capacity (AUC 446 values > 0.88 for training and test data). Jackknife tests on variable importance for C. alexandrinus revealed that isothermality, precipitation seasonality and mean 448 temperature of the warmest quarter were the three highest ranked variables when used in isolation. For C. dealbatus, mean diurnal range and annual precipitation were 450 the most important variables. The simulation of the three periods, i.e. Last Interglacial (LIG, 120-100Ka), Last Glacial Maximum (LGM, 21Ka, MIROC model) and current 452 times, respectively, showed range shifts in both species. In particular, these results suggest that ranges of both species shrank during the LIG in the Chinese coastal area 
458
The ordination approach using PCA-env suggested that the overlap of the current 460 climatic niches of the two species is relatively low ( Figure S4a-b ). The two species can be separated based on the first two PCs with an accumulative 81.5% of the total 462 variance explained ( Figure S4c ). The niche equivalency test rejected the null hypothesis that the species pair is distributed in identical environmental space (p = 464 0.019; Figure S4d ).
466
Stable-isotope analysis
Our stable-isotope analysis showed that C. dealbatus exhibited significantly higher 468 δ 15 N values than C. alexandrinus (p < 0.001, Figure 5a , Figure S5 ). In contrast, we did not find significant differences in δ 13 C between the two species (p = 0.161). Further 470 isotope space overlap analysis showed that C. alexandrinus individuals had a high probability to be found within the isotopic niche space of C. dealbatus (95.3%), while C. 472 dealbatus individuals showed a relatively low probability to be found in the isotopic niche space of C. alexandrinus (46.5%, Figure 5b ). Moreover, we found that C. 
DISCUSSION
478
Our genetic data show that C. alexandrinus and C. dealbatus have diverged to a level of advanced sorting of alleles between the two species particularly in mtDNA and 480 Z-linked genes with lower effective population sizes (Figure 2a -b). For autosomal microsatellite data, we also found that genetic differentiation is low at intraspecific level 482 but substantially high between the species (Figure 2c-d , Table 2 ). Though it is unclear whether a narrow hybrid zone exists in the contact area on the Chinese coast, a 484 considerable level of symmetric gene flow occurred between the two plovers ( Table 3) .
We find diagnosable differences in morphometric traits and ecological characters 486 between the two plovers along the coast. At odds with these results, a previous work found no evidence of genetic differentiation between the two plovers (Rheindt et al. 
496
Phylogeographic patterns in C. alexandrinus and C. dealbatus 498 Two genetic lineages were found among breeding Charadrius plovers along the Chinese coast, corresponding the northern lineage to C. alexandrinus and the 500 southern one to C. dealbatus, respectively ( Figure 1a , Table 2 ). The sharp genetic break between the two lineages lies between Wenzhou and Fuzhou (latitude 26-27 °N) 502 north of the Taiwan Strait (Figure 2c-d ). Furthermore, samples from Taiwan Island belong to C. alexandrinus but the population in Jinmen Island is affiliated with C. 504 dealbatus (Figure 2c-d ). This pattern likely reflects historical isolation of the two species through separation by some geographical barriers at the Chinese coast during 506 the Pleistocene climatic fluctuation periods. Divergence between the two plovers 560,000 years ago was inferred based on IM for the two species (Table 3, Figure 3 ). 
574
Climatic niche modelling indicates that the climatic conditions of the two species are spatially separated ( Figure S4 ). C. dealbatus is restricted to breeding sites close to the 576 coast, particularly in warmer tropical climate. In contrast, C. alexandrinus has a wider climatic niche, as represented by a broader climatic zone ( Figure 4 ). This species can 578 breed not only on temperate coasts (Que et al. 2015) but also in inland saline lake shore (Cramp & Perrins 1983) , just as Qinghai Lake. In addition, our isotope analysis 580 revealed that C. alexandrinus covered a wider range of isotope ratios than C.
dealbatus, but C. alexandrinus exploited a lower trophic range (δ 15 N). This indicates 582 that C. dealbatus probably feeds on a higher energy diet than its sister species (Hobson & Clark 1992) . However, it is unclear whether such difference may result from 584 diet preference divergence or due to differences in food resource availability (McCormack et al. 2010) . Taken together, these results suggest that the ecological 586 niches of the two plovers are significantly different in several aspects, and support a role for ecology in constraining range limits and perhaps habitat preference for the two 588 shorebird species.
590
Incipient speciation with ongoing gene flow
We find evidence of incipient speciation with ongoing gene flow between the two 592 plovers. The IM results indicate a relatively young split with considerable gene flow between the two species ( Figure 3 and Table 3 ). We suggest this is probably due to However, genetic drift is unlikely to have been the only force to initiate divergence in 614 the plovers for two reasons: the large effective population sizes (Ne) and a relatively high level of gene flow (Table 3) 
630
The geographical boundary between the two plovers was ambiguously defined in previous studies (Kennerley et al. 2008; Rheindt et al. 2011) . Our results show that the 632 discontinuity in genetic structuring ( Figure 2c ) and morphometric values (Figure 1b-d) between the two species is situated at coastline between Wenzhou and Fuzhou, possibility is that our sampling transect was not fine-grained enough to be able to 640 discover the potential hybrid zone, which would thus be narrower than the 200 km distance between the two neighboring sampling sites. Another possibility for an 642 apparent lack of a hybrid zone is assortative mating between the two plovers at the contact (Bearhop et al. 2005 ). The latter explanation is supported by the fact that 644 populations of the two species close to this region were much more divergent in morphological traits than ones farther apart (Figure 1b-d M  o  a  n  A  ,  G  a  g  n  a  i  r  e  P  A  ,  B  o  n  h  o  m  m  e  F  (  2  0  1  6  )  P  a  r  a  l  l  e  l  g  e  n  e  t  i  c  d  i  v  e  r  g  e  n  c  e  a  m  o  n  g  c  o  a  s  t  a  l  -m  a  r  i  n  e  e  c  o  t  y  p  e  p  a  i  r  s  o  f  E  u  r  o  p  e  a  n  a  n  c  h  o  v  y  e  x  p  l  a  i  n  e  d  b  y  d  i  f  f  e  r  e  n  t  i  a  l  i  n  t  r  o  g  r  e  s  s  i  o  n  a  f  t  e  r  s  e  c  o  n  d  a  r  y 
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